SHORTROOT (SHR) is essential for stem cell maintenance and radial patterning in Arabidopsis 23 thaliana roots, but how its expression is regulated is still unknown. Here, we report that 24 Elongator regulates the transcription of SHR. The depletion of Elongator drastically reduced SHR 25 expression and led to defective root stem cell maintenance and radial patterning. The importance 26 of the nuclear localization of Elongator for its functioning, together with the insensitivity of the 27 elp1 mutant to the transcription elongation inhibitor 6-azauracil and the direct interaction of the 28 ELP4 subunit with the C-terminal domain of RNA polymerase II (RNAPII CTD), support the 29 notion that Elongator plays important roles in transcription elongation. Indeed, we found that 30 ELP3 associates with the pre-mRNA of SHR and that mutation of Elongator reduces the 31 enrichment of RNAPII on the SHR gene body. Moreover, Elongator interacted in vivo with 32 SUPPRESSOR OF Ty4 (SPT4), a well-established transcription elongation factor that was 33 recruited to the SHR locus. Together, these results demonstrate that Elongator acts in concert with 34 SPT4 to regulate the transcription of SHR. 35 36 95
Root growth in higher plants relies on a group of pluripotent, mitotically active stem cells residing 39 in the root apical meristem (RAM). In the RAM of the model plant Arabidopsis thaliana, the reduced in elp1 compared with the WT (Fig 2A-D) . This observation was confirmed by RNA in 140 situ hybridization (Fig 2E and F) and reverse-transcription quantitative polymerase chain reaction 141 (RT-qPCR) assays ( Fig 2G) . Not surprisingly, as revealed by RT-qPCR, the expression levels of 142 several SHR transcriptional targets, including SCR, BR6ox2, CYCD6; 1, MGP, NUTCRACKER 143 (NUC), RECEPTOR-LIKE KINASE (RLK), and SNEEZY/SLEEPY 2 (SNE), were also 144 substantially reduced in elp1 compared with the WT (Fig 2G) . We then investigated whether the 145 elp1 mutation impairs the expression of the cell-cycle gene CYCD6;1in the CEI/CEID. Previous 146 studies have elegantly demonstrated that the spatiotemporal activation of CYCD6;1 coincides 147 with the formative division of CEI/CEID and that this process is strictly controlled by SHR and 148 the related transcription factor SCR [11, 12] . As expected, the spatiotemporal expression of 149 CYCD6;1 in the CEI/CEID was largely disrupted in the elp1 mutant ( Fig 2H and I) . Together, 150 8 these results indicate that the depletion of Elongator impairs the expression of SHR and its target 151 genes. 152 To visualize the expression pattern of the Elongator subunit ELP1, we fused the 153 ELP1promoter with the -glucuronidase (GUS) reporter and generated pELP1:GUS transgenic 154 plants. GUS staining revealed that, likeSHR, ELP1washighly expressed in the stele of the root tip 155 ( Fig 2J) . This observation strengthens the notion that Elongator regulates root development 156 through the SHR pathway. To determine the subcellular localization of Elongator, we introduced the pELP3:ELP3-GFP 161 fusion construct into elp3plants. The functionality of the ELP3-GFP fusion protein was verified 162 by its ability to rescue the root growth defects of the elp3 mutant ( Fig EV3A) . Confocal 163 microscopy of elp3;pELP3:ELP3-GFP plants indicated that, in stele cells of the meristem region, 164 ELP3-GFP was predominantly localized to the cytoplasm and, to a lesser extent, the nucleus ( Fig   165   3A and B). Interestingly, we observed more obvious nuclear localization in columella cells and 166 epidermis cells at the elongation zone in the previously reported line, p35S:GFP-ELP3 [15] (Fig   167   EV3B ). 168 We then employed a cell fractionation approach to determine the subcellular localization of 169 endogenous ELP1 and ELP3. For these experiments, protein extracts of WT seedlings were 170 fractionated and probed with antibodies that specifically recognize endogenous ELP1 or ELP3 171 protein ( Fig EV4A and B) . Histone H3 was exclusively detected in the nuclear compartment, 172 whereas phosphoenolpyruvate carboxylase (PEPC) was only detected in the cytoplasmic 173 9 compartment, validating our approach. Consistent with the above cytological observations, 174 endogenous ELP1 and ELP3 were clearly detected in both the cytoplasmic and nuclear fractions 175 ( Fig 3C) . We obtained similar results from cell fractionation experiments using 176 elp3;p35S:ELP3-myc transgenic plants, in which the root growth defects of the elp3 mutant had 177 been rescued ( Fig EV4C) . These results help confirm the finding that Arabidopsis Elongator is 178 located in both the cytoplasm and the nucleus. 179 To determine if the nuclear localization of ELP3 is critical for its function, we artificially 180 confined ELP3 to the nuclear compartment and investigated whether it would still retain its 181 function. For these experiments, ELP3-GFP was fused with the efficient nuclear localization 182 sequence SV40 NLS [38] to generate the p35S:NLS-ELP3-GFP construct. Analysis of the 183 resulting transgenic plants indicated that the NLS-ELP3-GFP fusion protein was successfully 184 translocated into the nucleus and, more importantly, the nuclear-localized NLS-ELP3-GFP fusion 185 protein was functional, as it fully rescued the root growth defects of elp3 (Fig 3D-F) . These 186 results support the notion that the nuclear localization of Elongator is important for its function in 187 regulating root development.
189
Elongator functions as a transcription elongation factor to regulate SHR transcription 190 Our finding that the nuclear localization of plant Elongator is important for its biological function 191 suggested that Elongator might act as a transcription elongation factor involved in 192 RNAPII-dependent transcription. To investigate this notion, we first examined whether the 193 Elongator subunits interact with the conserved C-terminal domain(CTD) of RNAPII, an 194 interaction platform between RNAPII and other proteins involved in transcription.
195 10 RNAPII CTD interacted with ELP4 and ELP5 in yeast two-hybrid (Y2H) assays ( Fig 4A) . 196 To determine whether ELP4 interacts with CTD in planta, we conducted firefly luciferase (LUC) 197 complementation imaging (LCI) assays in Nicotiana benthamiana leaves. In these experiments,
198
ELP4 was fused to the N-terminal half of LUC (nLUC) to produce ELP4-nLUC, whereas CTD was 199 fused to the C-terminal half of LUC (cLUC) to produce cLUC-CTD. N. benthamiana cells 200 co-expressing ELP4-nLUC and cLUC-CTD displayed strong fluorescence signals, whereas those 201 co-expressing nLUC and cLUC-CTD or ELP4-nLUC and cLUC displayed no signal ( Fig 4B and 202 C), confirming that the ELP4-CTD interaction occurs in vivo. 203 We then examined the response of elp1 to 6-Azauracil (6-AU), an inhibitor of enzymes 204 involvedin purine and pyrimidine biosynthesis. In yeast, 6-AUis a widely used inhibitor of 205 transcription elongation, as it alters nucleotide pool levels in vivo [39] . Strikingly, elp1 was more 206 resistant to 6-AU-induced root growth inhibition than the WT (Fig 4D) , providing another line of 207 evidence that Elongator functions as a transcription elongation factor in Arabidopsis. 208 Next, we investigated whether Elongator participates in RNAPII-dependent transcription 209 elongation of SHR using chromatin immunoprecipitation (ChIP)-qPCR assays. In WT plants, 210 CTD was highly enriched on both the transcription start site (TSS) and gene body of SHR (Fig   211   4E ). In the elp1 mutant, however, CTD levels on the SHR locus were significantly reduced ( Fig   212   4E ), revealing that Elongator is important for the recruitment of RNAPII to the SHR locus during 213 SHR transcription. This line also demonstrates that Elongator is mainly involved in transcription 214 elongation, rather than trancription initiation. 215 We then performed RNA-immunoprecipitation (RNA-IP) assays to investigate whether 216 Elongator associates with the pre-mRNA of SHR. Specifically, we used the GFP antibody to 217 immunoprecipitate ELP3-GFP from extracts of the elp3;p35S:NLS-ELP3-GFP transgenic line.
11
The resulting ELP3-GFP immunoprecipitates were then reverse transcribed into cDNAs and 219 subjected to RT-PCR with primers specific for SHR, PLT2, or ACTIN7 (ACT7). Pre-mRNA of 220 SHR was detected in immunoprecipitates from the elp3;p35S:NLS-ELP3-GFP line but not from 221 those of the WT (Fig 4F) , confirming that ELP3 indeed associates with SHR pre-mRNA. As a 222 control, PLT2 and ACT7pre-RNAs were not detected in the same ELP3-GFP immunoprecipitates 223 ( Fig 4F) , suggesting the ELP3 specifically associates with the pre-mRNA of SHR. Together, 224 these results led us to conclude that Elongator regulates the transcription of SHR through 225 associating with its pre-mRNA. Our results support the notion that Elongator regulates the transcription elongation of SHR 230 through associating with the pre-mRNA of SHR. Intriguingly, however, we failed to detect 231 Elongator enrichment on the SHR locus in the ChIP experiments. We speculated that Elongator 232 might act in concert with other known transcription elongation factors to regulate the elongation 233 of SHR transcript. Indeed, ELP1 and ELP3 were recently affinity copurified with SUPPRESSOR 234 OF Ty4 (SPT4)and several other conserved transcription elongation factors in eukaryotic cells 235 [40, 41] . In Arabidopsis, SPT4 is encoded by two redundant genes, designated SPT4-1 and 236 -2 [40] . In a coimmunoprecipitation (Co-IP) assay using p35S:SPT4-2-GFP plants and 237 anti-ELP1 antibodies, SPT4-2-GFP pulled down native ELP1, indicating that ELP1 associates 238 with SPT4-2 in vivo ( Fig 5A) . The in vivo association of ELP1 with SPT4-2 was further 239 confirmed in LCI assays: N. benthamiana cells co-expressing ELP1-nLUC and cLUC-SPT4-2 240 displayed strong fluorescence signals ( Fig 5B and C) .
SPT4

241
To demonstrate that SPT4-2 plays a role in root development, we generated SPT4-RNAi 242 plants in which the expression of both SPT4-2 and SPT4-1 was knocked down by RNA 243 interference (RNAi) (Fig EV5) . Likeelp1 and the other elp mutants (Fig EV1) , the 244 SPT4-RNAiplantsalso showed reduced root growth ( Fig 5D) . These results are consistent with a 245 previous observation, and they suggest that the interplay between Elongator and SPT4/SPT5 246 might help regulate root development [18, [40] [41] [42] . Furthermore, like theelp1 mutant, SPT4-RNAi 247 plants were less sensitive to 6-AU-induced root growth inhibition than WT plants ( Fig 5D) , 248 implying that the function of SPT4-2 in regulating root growth is related to transcription 249 elongation. Indeed, the ChIP-qPCR assays revealed that SPT4-2 was enriched on the SHR locus 250 and importantly, the levels of SPT4-2 on the SHR gene body regions were higher than those on the 251 SHR promoter region ( Fig 5E) , suggesting that SPT4 is mainly involved in SHR transcription 252 elongation. Taken together, our results support the notion that Elongator acts in concert with 253 SPT4/SPT5 to regulate the transcription of SHR, thereby regulating root development. Elongator mutants are largely due to an impaired SHR pathway. Indeed, the elp1 root phenotypes 264 13 resemble those of shr (Fig 1) and coincide with the similar developmental gene expression 265 patterns in the primary root, with the highest expression in the stele tissue of root tips. Elongator 266 acts upstream of SHR and independently of the PLT pathway, as the expression levels of SHR 267 and its target genes SCR and CYCD6;1 were drastically reduced in elp1 (Fig 2A-I) , whereas the 268 expression of PLT1 and PLT2 was less affected in this mutant ( Fig EV2) Elongator subunits, thus affecting the assembly and accumulation of this crucial complex and 276 thereby controlling (to some extent) SHR gene expression. Elongator might serve as an interface 277 between these stimuli and SHR, and the regulation of the SHR gene at the transcription 278 elongation stage might render its expression more flexible and responsive, which is important for 279 the spatial and temporal control of root development. Using confocal microscopy analysis of various transgenic lines combined with cell fractionation, 286 we showed that the Elongator subunits are partially localized to the nucleus, although major However, we failed to detect an interaction between ELP4 and RNAPII in a Co-IP assay. This 295 result confirms a previous report showing interactions between the different subunits of the 296 Elongator but no interactions between Elongator subunits and RNAPII using TAP-MS (tandem 297 affinity purification/mass spectroscopy) [15] , but disagrees with a more recent report showing 298 co-purification of the two largest subunits of RNAPII with Elongator subunits ELP1 and ELP3 299 using SPT4 as bait [40] . Hence, the association of Elongator with RNAPII in vivomight be 300 transient and dynamic [42] .
301
Yeast mutants defective in transcription elongation exhibit an altered sensitivity to 6-AU [44, 302 45]. We found that both elp1 and SPT4-RNAi plants were highly resistant to 6-AU treatment 303 ( Figs 4D and 5D ), suggesting that Elongator plays a similar role in transcription elongation to 304 that of SPT4/SPT5. Finally, we detected a significant reduction in the enrichment of RNAPII 305 CTD on the SHR locus in elp1compared with the WT (Fig 4E) , as well as an association of ELP3 306 with SHR mRNA ( Fig 4F) . Moreover, its associated protein, SPT4, was also recruited to SHR 307 chromatin ( Fig 5E) . These findings indicate that both Elongator and SPT4/SPT5 are directly 308 involved in the transcription regulation of SHR. However, we failed to detect significant 309 enrichment of Elongator on the SHR region via ChIP, possibly due to a lack of DNA-binding 310 activity and/or the dynamic properties of its interaction with other proteins. No ChIP data are 311 currently available for the enrichment of Elongator on transcriptional regulatory regions in 312 Arabidopsis. Hence, we propose a model in which Elongator acts in concert with SPT4/SPT5 to 313 maintain the transcription of SHR. In this model, Elongator directly interacts with the RNAPII 314 CTD through the ELP4 subunit and associates with SHR mRNA, whereas SPT4/SPT5 associates 315 with RNAPII and Elongator, as well as the chromosomal region harboring SHR ( Fig 5F) .
316
Transcription elongation is a tightly controlled, dynamic process that can be divided into 317 three distinct stages: promoter escape, promoter-proximal pausing, and productive elongation. In yeast, tRNA modification appears to be the direct, unequivocal biochemical function of used for the molecular cloning are listed in S1 Table. 398
All the constructs were transformed into the Agrobacterium tumefaciens strain GV3101 399 (pMP90) that was used for plant transformation with the vacuum infiltration method. The partial CDS encoding the 400 amino acids of the C-terminus of ELP1 and the full-length 445 CDS of ELP3 were cloned into the pET-28a vector to express the recombinant proteins in 446 Escherichia coli strain BL21. The primers used for cloning are listed in S1 Table. The 447 recombinant proteins were used to raise polyclonal antibodies in mouse. plates. For protein interaction assessment, the transformed yeast was suspended in liquid 468 SD/-Leu/-Trp medium and cultured to an optical density (OD) of 1.0. Five microliters of 469 suspended yeast were dropped on plates containing SD/-Ade/-His/-Leu/-Trp medium.
470
Interactions were observed after 3 days of incubation at 30°C. 
RIP-PCR Assays
501
The RIP assays described previously[50] were slightly modified. Five-day-old seedlings of 502 elp3;p35S:NLS-ELP3-GFP were harvested for RIP assays. The seedlings were cross-linked in 1%
503
(v/v) formaldehyde. Subsequently, protein-RNA complexes were isolated and 504 immunoprecipitated according to published procedures. The associated RNAs were detected with 505 semi-quantitative reverse transcription PCR with primer pairs listed in S1 Table. 506 507
Accession Numbers
508
The sequence data can be found in the Arabidopsis Genome Initiative under the following 509 accession numbers: ELP1 (At5g13680), ELP2 (At1g49540), ELP3 (At5g50320), ELP4 510 (At3g11220), ELP5 (At2g18410), ELP6 (At4g10090), SHR (AT4g37650), SCR (AT3g54220),
511
BR6ox2 (AT3g30180), CYCD6;1 (At4g03270), MGP (AT1g03840), NUC (AT5g44160), RLK 512 24 (At5g67280), SNE ((At5g48170), PP2AA3 (AT1g13320), PLT1 (At3g20840), PLT2 (At1g51190), 513 WOX5 (At3g11260), ACT7 (At5g09810), SPT4-1 (At5g08565), and SPT4-2 (At5g63670). 
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A Interactions of different Elongator subunits with RNAPII CTD in a yeast two-hybrid assay.
764
The yeast transformants were dropped onto SD/-Ade/-His/-Trp/-Leu (SD/-4) medium to 765 assess protein-protein interactions. The experiments were repeated three times with similar 766 results. The experiments were repeated three times, yielding similar results. 
Elongator Functions as a Transcription Elongation Factor to Regulate SHR Expression.
A Interactions of different Elongator subunits with RNAPII CTD in a yeast two-hybrid assay. The yeast transformants were dropped onto SD/-Ade/-His/-Trp/-Leu (SD/-4) medium to assess protein-protein interactions.
The experiments were repeated three times with similar results. F RIP-PCR results showing the association of Elongator with SHR mRNA, but not with PLT2 mRNA. Protein-RNA complexes were isolated from Col-0 and elp3;p35S:NLS-ELP3-GFP seedlings at 5 DAG and precipitated with an anti-GFP antibody (Abcam). Precipitated RNA either with reverse transcription was amplified with primers targeting the respective CDS regions. The RIP signal was quantified as the percentage of total input RNA by qPCR.
Samples before precipitation were taken as "Input", and the "NA" (no antibody) precipitates served as negative controls. The experiments were repeated three times with similar results. The experiments were repeated three times, yielding similar results. D Photographs of 5-DAG seedlings showing the insensitivity of SPT4-RNAi to 6-AU. WT and SPT4-RNAi seeds were sown on 1/2MS medium without or with 0.5 mg/L 6-AU, and the plates were photographed at 5 DAG. E ChIP-qPCR results showing the enrichment of SPT4-2 on the SHR locus. Sonicated chromatin from 5-DAG Col-0 and p35S:SPT4-2-GFP seedlings was precipitated with an anti-GFP antibody (Abcam). The precipitated DNA was used as template for qPCR analysis with primers targeting different regions of the SHR locus as shown. The promoter region of ACT7 (ACT7-P) was used as a negative control. The ChIP signal was quantified as the percentage of the total input DNA and was arbitrarily set to 1 in Col-0. TSS, transcription start site. The experiments were repeated three times, yielding similar results. Error bars represent SD. Asterisks indicate significant differences, according to Student's t test, **P < 0.01. F Proposed mechanism in which Elongator acts in concert with SPT4/SPT5 to regulate the transcription elongation of SHR. During the transcription elongation process of SHR, Elongator directly interacts with the RNAPII CTD and the nascent SHR mRNA and associates with SPT4/SPT5. Meanwhile, SPT4/SPT5 is in close contact with the chromosomal region harboring the SHR locus, the RNAPII subunits, and Elongator.
